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Abstract The eﬀects of streaks on boundary layer transition depend on the initial amplitude of T-S
waves introduced to excite the transition. This problem was studied in a ﬂat-plate boundary layer
in water tunnel by using hydrogen bubble method. Three T-S wave initial amplitudes were tested.
The results show that both narrow and wide-spacing streaks depress the transition excited by T-S
waves with lower initial amplitude. However, when transition is excited by T-S waves of higher initial
amplitude, the narrow-spacing streaks depress the transition, while the wide-spacing streaks promote
the transition. Further the underlying mechanisms were also analyzed. c© 2013 The Chinese Society
of Theoretical and Applied Mechanics. [doi:10.1063/2.1304205]
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As the typical coherent structures in turbulent
boundary layer, streaks were comprehensively studied
by Kline et al.,1 Smith and Metzler,2 and Lian,3 due
to their close relationship with turbulence generation.
These streaks were also found in the late stage of
boundary layer transition, leading to ﬂow breakdown
locally.4,5 Moreover, streaks called Klebanoﬀ mode ap-
pear at sub-critical Reynolds number and play a key
role in the bypass transition in the presence of high
freestream turbulence level (> 1%). In this case, streaks
are formed by the lift-up eﬀect induced by the stream-
wise vortices generated through receptivity mechanism.
If their amplitude exceeds a threshold value of 26% of
freestream speed, streaks cause second instability and
thus transition. Otherwise, they are steady streaks.
More information can be found in the studies per-
formed by Kendall,6 Brandt et al.,7 Fransson et al.,8
and Durbin and Wu.9 The characteristics of laminar
streaks were studied by Wang et al.10 and Deng et al.11
recently, and the mechanism for streak evolution and
interaction in laminar boundary layer was presented.
Streaks can be introduced artiﬁcially, for example, by
spanwise periodic array of small cylindrical roughness
elements.8
Based on these theoretical results that steady
streaks can decelerate the T-S wave growth, Cossu and
Brandt12 proposed a novel method to delay transition
thus reduce friction drag by introducing steady streaks
in 2004. Subsequent experimental studies veriﬁed that
streaks depress T-S wave propagation,13 and an in-
stance showing that transition process was depressed
by streaks was also presented.14 However, it is still un-
clear whether all kinds of streaks can delay transition.
The reason lies on the fact that streaks aﬀect not only
the primary T-S wave propagation but also the subse-
quent second instability development. The latter is an
important stage in transition process. Recent theoreti-
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cal analyses15–17 indicated that narrow-spacing streaks
(with non-dimensional wave number β∗ > 1.08) depress
transition, while wide-spacing streaks (with β∗ < 1.08)
promote transition. However, these theoretical results
are lack of experimental veriﬁcation so far.
Our foregoing experiments show that both narrow
and wide-spacing streaks with β∗ = 1.79, 0.89 delay ar-
tiﬁcially excited boundary layer transition.18 Increase
of streak amplitude enhances the delaying eﬀects. The
narrower the spacing is, the higher delaying ability the
streaks have. From these results, we found that the
wide-spacing streaks (β∗ = 0.89) depressing transition
is inconsistent with the above mentioned theoretical re-
sults. We also carried out experimental study on the ef-
fects of streaks on second instability. The results showed
that the narrow-spacing streaks with β∗ = 1.79 depress
the second instability development, and the depressing
ability is enhanced with streak amplitude. On the other
hand, the wide-spacing streaks with β∗ = 0.89 promote
the second instability development, and their promoting
ability is strengthened with streak amplitude.19
The discrepancy between our experimental results
and available theoretical analyses may be attributed
to many reasons, such as the oversimpliﬁed theoretical
model, diﬀerence of the background disturbance. How-
ever, based on our comprehensive analyses, this discrep-
ancy is most probably attributed to the eﬀects of initial
amplitude of T-S waves introduced to excite the transi-
tion. This speculation was veriﬁed by a wide variety of
experiments in this paper.
The experiments were carried out in the low-speed
water tunnel in Beihang University. The test section is
1.2 m × 1.0 m × 16 m (height × width × length). Wa-
ter ﬂow speed ranges from 0.1 m/s to 1.0 m/s. The free-
stream turbulence level and non-uniformity on cross-
section are both lower than 0.5%. The test setup is
shown in Fig. 1. The test plate is made of Plexiglas,
with size of 2.5 m × 1.05 m × 0.02 m. It is mounted
vertically on the bottom of the test section, as shown in
Fig. 1(a). A semi-elliptic leading edge (with major-to-
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Fig. 1. Sketch of experimental setup.
minor axis ration of 3:1) and an adjustable trailing ﬂap
ensure the ﬂow being attached to the test plate without
separation. The coordinate system is set by x, y, and
z in streamwise, wall-normal and spanwise direction re-
spectively with origin at leading edge of the plate. z = 0
located at the spanwise middle of the slot (as shown in
Fig. 1(a)).
Steady streaks were generated by suction through
holes aligned spanwisely with spacing of Δz = 14 mm
at xST = 218 mm. The suction hole is of 4 mm diam-
eter and 15◦ oblique to the ﬂow direction, as shown in
Fig. 1(b). Δz = 28 mm and 42 mm were also adopted in
the experiments to change the streak spacing. Suction
was realized by siphon principle. The suction intensity,
which determines the streak amplitude, can be adjusted
by changing the height of the siphon outlet.
Boundary layer transition is excited by a weak
“zero-net-mass ﬂux jet” introduced through the span-
wise slot at xS = 1 m on the test plate, as shown in
Fig. 1(a). This artiﬁcially introduced disturbance ex-
cites T-S waves in the boundary layer. The slot is
300 mm long and 1 mm wide. The excitation system
is sketched in Fig. 1(c). The disturbance comes from
a sine wave signal generated by a signal generator with
adjustable frequency and amplitude. The signal drives
a loudspeaker through a power ampliﬁer, causing a pres-
sure oscillation in the closed cavity of the loudspeaker.
This pressure oscillation is then transmitted to a set-
tling chamber with the slot being its outlet, where a
weak “zero-net-mass ﬂux jet” is formed. The initial am-
plitude of the T-S wave is determined by the amplitude
of sine wave signal from the generator.
In the experiments, plan view of hydrogen bubble
time-line method was adopted with the hydrogen bub-
ble wire (platinum wire) set parallel to the plate wall
and perpendicular to the free-stream at a certain height
in the boundary layer. The ﬂow patterns in the hydro-
gen bubble sheet nearly parallel to the wall were visual-
ized. This method ensures that typical ﬂow structures
such as T-S waves, Λ structures caused by second in-
stability and ﬂow breakdown in the transition process
can be observed. Besides this, the timelines can also
provide some quantitative data, such as boundary-layer
velocity proﬁle and streak amplitude.
In our experiments, the freestream velocity kept at
U = 0.2 m/s. First of all, the properties of the basic
state of the original boundary layer were tested before
any artiﬁcial excitation or disturbance is introduced.
The velocity proﬁle and displacement thickness δ∗ mea-
sured at ﬁve streamwise stations in the test region, agree
well with Blasius results, which means that the basic-
state is Blasius boundary layer. For details, the reader
is referred to Ref. 4.
The disturbance frequency of f = 0.75 Hz is
adopted to excite transition. The corresponding non-
dimensional disturbance parameters at the disturbance
source (slot) are F = 2πfν/U2 = 133.1 × 10−6 and
Rx = (Rex)
1/2 = 421.8, where ν and Rex are kine-
matic viscosity and Reynolds number based on x re-
spectively. The disturbance condition, denoted by mark
“*”, is given in Fig. 2, together with the neutral insta-
bility curve. The subsequent horizontal straight line
indicates the test region in the experiments.
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Fig. 2. The disturbance condition adopted to excite bound-
ary layer transition, together with the theoretical and ex-
perimental results of the neutral stability curve.
Three T-S waves, with diﬀerent initial amplitude,
were tested to excite transition. The initial amplitude
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was not measured directly in the experiments, but de-
noted by the amplitude of sine wave signal from the
signal generator, namely US = 1.25, 4.5, and 6.5 V.
The hydrogen-bubble pictures in Fig. 3 visualize
the typical ﬂow structures appearing successively during
transition with hydrogen bubble wire (platinum wire)
located downstream the slot at x − xS = 200 mm and
800 mm respectively in case of US = 4.5 V. They are
primary T-S waves in the left part of Fig. 3(a), subse-
quent Λ structures in the right part of Fig. 3(a) and
ﬁnal ﬂow breakdown in Fig. 3(b). More information-
can be found in Ref. 4. It is claimed here that all the
hydrogen bubble visualization pictures presented in this
paper are all taken with platinum wire located at height
of y/δ = 0.35 (δ is the local boundary layer thickness),
and ﬂow direction is from the left to the right.
(a) x↩xS=200 nm (b) x↩xS=800 nm
100 nm
Fig. 3. Typical ﬂow pattern in excited transitional bound-
ary later, with y/δ = 0.35 and US = 4.5 V.
The similar ﬂow patterns, as shown in Fig. 3, were
also observed when the transition was excited by T-
S waves of US = 1.25 V, 6.5 V respectively, but ﬂow
breakdown takes place at diﬀerent streamwise position.
In the experiments, the streaks we introduced are
steady ones. It means that when the streaks are in-
troduced in the basic-state boundary layer, they will
not cause ﬂow instability. The non-dimensional wave
numbers of the streaks introduced are β∗ = 1.79, 0.89,
0.6, corresponding to suction-hole spacing Δz = 14 mm,
28 mm, 42 mm respectively. The non-dimensional wave
number β∗ is deﬁned as β∗ =
2π
Δz
×1.7
√
xSν
U
. The cor-
responding amplitudes are AST = 0.13U , 0.23U , 0.18U
respectively, where the streak amplitude AST is deﬁned
as the half value of the diﬀerence between the high-
est and the lowest velocity of the streaky ﬂow. in this
paper, AST takes the value at the slot if there is no
other speciﬁcation. The former two amplitude values of
AST = 0.13U , 0.23U are nearly to their steady thresh-
old value (above which instability takes place) The lat-
ter amplitude of AST = 0.18U is the maximum value
that can be reached under our test condition, although
it is far from the corresponding steady threshold value
in case of β∗ = 0.6.
Figure 4 presents the typical streaky ﬂow pattern vi-
sualized by hydrogen bubble timelines after the streaks
of β∗ = 1.79 were introduced in the basic-state bound-
ary layer. The streaks are characterized by high-speed
and low-speed region alternating spanwisely. Streaks
are formed by the induction of counter-rotating vortex
pairs through a mechanism called “lift-up eﬀect”, where
the vortex pairs are generated by the suction.18 It is
demonstrated that the streak amplitude is higher and
with more regular sine wave proﬁle at x−xS = 500 mm
(as shown in Fig. 4(a)), compared with the streaky ﬂow
farther downstream at x − xS = 1000 mm visualized
in Fig. 4(b). Nevertheless, the ﬂow deﬁnitely remains
laminar even at x− xS = 1000 mm.
(a) x↩xS=0.5 m (b) x↩xS=1 m
50 nm
Fig. 4. Typical streaky ﬂow visualized by plan-view of hy-
drogen bubble time lines, with y/δ = 0.35 and β∗ = 1.79.
We tested the controlling (delaying or promoting )
role of streaks on transition when transition was excited
by T-S waves of diﬀerent initial amplitude in terms of
US = 1.25 V, 4.5 V, 6.5 V, to study the eﬀects of initial
amplitude of T-S waves. The streaks introduced are of
β∗ = 1.79, 0.89, 0.6, with amplitude of AST = 0.13U ,
0.23U , 0.18U respectively, the same as those mentioned
above.
The experiments were carried out following theses
steps. First, the basic-state laminar boundary layer was
excited to transition by T-S waves with any of the three
initial amplitude. Based on this, the streaks of diﬀerent
wave number were introduced respectively. The eﬀect
of streaks on the boundary layer transition control, i.e.,
delaying or promoting transition, were studied by com-
parison of the ﬂow breakdown development visualized
before and after the streaks were introduced. After that,
above work was repeated when the initial amplitude of
T-S waves changed to the other two values respectively,
so that the eﬀects of T-S wave amplitude were studied
Figure 5 presents the ﬂow patterns visualized at
x− xS = 800 mm in transitional boundary layer exited
by T-S waves with diﬀerent initial amplitude respec-
tively. When the amplitude is lower, i.e. in the case
of US = 1.25 V in Fig. 5(a), the ﬂow breakdown is not
evident yet at x − xS = 800 mm. But the ﬂow has al-
ready evolved in to the second instability stage where
the Λ structures have developed, after which, ﬂow break
down usually takes place immediately. But in the case
of higher amplitude with US = 4.5 V, 6.5 V, the lo-
cal ﬂow breakdown appear more evident at the same
streamwise station, see Figs. 5(b) and 5(c) respectively.
In the case of the transitional boundary layer ex-
cited by T-S waves with US = 1.25 V, after the streaks
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of β∗ = 1.79, 0.89, 0.6 were introduced, the visualized
ﬂow patterns at x−xS = 800 mm are presented in Fig. 6.
(a) US=1.25 V (b) US=4.5 V (c) US=6.5 V
100 nm
Fig. 5. Flow patterns at x− xS = 800 mm (y/δ = 0.35) in
boundary layer transition excited by T-S waves of diﬀerent
initial amplitude.
(a) β*=1.79 (b) β*=0.89 (c) β*=0.6
100 nm
Fig. 6. Flow patterns at x − xS = 800 mm (y/δ = 0.35)
after diﬀerent spacing streaks introduced in the case of US =
1.25 V.
Compared with those in Fig. 5(a), with the same
initial amplitude of T-S waves, the ﬂow patterns in the
three pictures of Fig. 6 indicate that the transition is
depressed after any of the three streaks was introduced,
by the fact that the Λ structure was no longer observed,
and the local ﬂow has recovered to streaky laminar ﬂow.
When the initial amplitude of T-S waves is increased
to the case of US = 4.5 V, the visualization results ob-
served at the same station of x−xS = 800 mm are given
in Fig. 7 after the three deferent spacing streaks intro-
duced respectively. Compared with Fig. 5(b), it can be
found that all the three streaks depress the local ﬂow
breakdown as well, and made the ﬂow mostly recover to
laminar state, similar with that in case of US = 1.25 V.
Moreover, the narrower spacing streaks (with lager β∗)
have stronger depressing eﬀect on the ﬂow breakdown.
As shown in Fig. 7(a), the ﬂow breakdown visualized in
Fig. 5(b) is fully depressed after the narrowest spacing
streaks of β∗ = 1.79 were introduced. When the widest
spacing streaks of β∗ = 0.6 were introduced, as shown
in Fig. 7(c), the ﬂow breakdown is not depressed com-
pletely, although it is evidently weakened (compared
with Fig. 5(b)).
In the case of US = 6.5 V, the eﬀects of streaks on
the transition are diﬀerent with those when US = 1.25 V
and 4.5 V. Comparison of Figs. 8(a) and 5(c) indicates
(a) β*=1.79 (b) β*=0.89 (c) β*=0.6
100 nm
Fig. 7. Flow patterns at x − xS = 800 mm (y/δ = 0.35)
after diﬀerent spacing streaks introduced in the case of US =
4.5 V.
after narrow spacing streaks of β∗ = 1.79 introduced,
the ﬂow breakdown is obviously depressed, thus the
transition is delayed. However, when the streak wave
number was decreased to β∗ = 0.89, 0.6 (i.e., wide spac-
ing streaks), as shown in Figs. 8(b) and 8(c) respec-
tively, the local ﬂow breakdown is not weakened but
stengthened (compared with Fig. 5(c)), which means
the transition is promoted. It is somewhat diﬃcult
to compare the intensity of ﬂow breakdown shown in
these three pictures (Figs. 5(c), 8(b), and 8(c)). Thus
the visualization results at the upstream station of
x − xS = 600 mm are presented additionally in Fig. 9
before and after the wide spacing streaks of β∗ = 0.89
were introduced. It is shown that after streaks intro-
duced, the local ﬂow breakdown is deﬁnitely strength-
ened, which further proves the promoting eﬀect of wide
spacing streaks on the transition.
(a) β*=1.79 (b) β*=0.89 (c) β*=0.6
100 nm
Fig. 8. Flow patterns at x − xS = 800 mm (y/δ = 0.35)
after diﬀerent spacing streaks introduced in the case of US =
6.5 V.
According to the visualization results in our experi-
ments mentioned above, the controlling eﬀects of steaks
on the transition (delaying or promoting transition) de-
pend on both the initial amplitude of T-S wave and
the streak spacing. The underlying mechanism can be
realized as follows.
Usually in the transition, the instable T-S waves of
a certain frequency begin to propagate from the ﬁrst
branch of the neutral stability curve till the second
branch. With the T-S wave propagation, the ampli-
tude of T-S waves grows to the threshold value, which
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(a)  Before (b) After
100 nm
Fig. 9. Flow patterns at x − xS = 600 mm (y/δ = 0.35)
before and after the wide streaks with β∗ = 0.89 were intro-
duced respectively in case of US = 6.5 V.
is large enough to cause the second instability. Then
ﬂow breaks up into turbulence soon after the second
instability has fully developed. According to available
studies, both wide and narrow streaks depress T-S wave
propagation. Moreover, narrow-spacing streaks depress
the second instability, but wide-spacing streaks promote
the second instability.
In case of the transition excited by low initial am-
plitude of T-S waves, after the streaks are introduced,
the amplitude of T-S wave may not reach the thresh-
old value any longer even until the second branch, due
to the reduced growth rate caused by streaks and the
small initial value. Thus, no second instability takes
place, and the transition procedure does not go on,
i.e., the transition is depressed. In this case, one can
conclude that the depressing role of streaks on the T-
S wave propagation is dominant. Whether narrow or
wide-spacing streaks are introduced, the transition is
always depressed due to their depressing role in the T-S
wave propagation.
However, when the initial amplitude of T-S wave
increases to a value large enough, the high initial value
will ensure that the T-S wave amplitude grows to the
threshold value to excite second instability, despite the
lower growth ratio caused by the streaks. Once second
instability takes place, wide-spacing streaks promotes
the second instability and play the dominant role, thus
promotes transition. While, narrow-spacing streaks de-
press second instability as well besides its depression on
the foregoing T-S waves, thus postpone the transition.
It can be said that the eﬀects of streaks on the second
instability play the dominant role in transition control
when the transition is excited by T-S waves with higher
initial amplitude.
Based on our experiment results, the eﬀects of
steaks on the transition control (delaying or promot-
ing transition) depend on the initial amplitude of T-S
waves adopted to excite transition, as well as on the
streaks spacing. The following conclusions are drawn.
When boundary layer transition is excited by T-S
waves with lower initial amplitude, in the case of US =
1.25 V and 4.5 V, introducing streaks of β∗ = 1.79, 0.89,
0.6 respectively all depresses the transition.
When transition is excited by T-S waves with higher
initial amplitude, in the case of US = 6.5 V, the narrow-
spacing streaks of β∗ = 1.79 depress the transition, but
the wide-spacing streaks of β∗ = 0.89, 0.6 promote tran-
sition.
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